Introduction: In-use product and material stocks are the amount of concerned manufactured products and materials in active use, and are essential components of urban ecosystem. Methods: This study estimates the dynamic in-use stocks of steel-containing products and steel in the city of Xiamen, China, during 1980-2015 by applying a bottom-up accounting approach. We incorporate 55 categories of steel-containing products that are classified into five end-use sectors (i.e., buildings, infrastructure, transportation equipment, machinery, and domestic appliances). Outcomes and Discussion: In-use stocks of 51% of the studied products kept increasing during 1980-2015, especially after 2000. Steel stocks have grown up to 4.9 ± 1.4 tons per capita (t/cap) in 2015, from 0.5 ± 0.2 t/cap in 1980. Buildings are the largest reservoirs, although its share decreased from 89% in 1980 to 68% in 2015. The dynamic spatial distribution indicates that steel stocks gradually expanded from urban core to suburban areas. Conclusion: Theresults help to explore how a city's urbanization is sustained by the in-use stocks growth. In-use steel stocks, of which the growth is highly correlated to and probably driven by the population growth, GDP increase, and urban built-up area expansion, may serve as a supplementary indicator for urbanization.
Introduction
More and more materials are extracted from underground ore deposits and transformed into components of man-made built environment, especially infrastructure, buildings, and consumer durables (Rauch 2009; Chen and Graedel 2015) . The physical forms of manufactured capital, either measured by material or products, are termed as "in-use stocks" in the field of industrial ecology. Generally speaking,inuse stocks are the amount of tangible manufactured products (e.g., buildings and passenger cars) that are in active use or the amount of materials (e.g., steel or aluminum) contained in in-use stocks of products (Kapur and Graedel 2006) . Many studies estimating inuse stocks on various scales have emerged in the last two decades. However, most previous studies focused on specific materials (e.g., metals such as steel, aluminum, and copper or bulk materials such as cement or brick) (Gordon, Bertram, and Graedel 2006; Müller et al. 2006; Gerst and Graedel 2008; Pauliuk, Wang, and Müller 2013; Cao et al. 2017; Liu Wei, Tian, and Chen 2018) rather than products. It should be noted that it is products, instead of materials, that directly provide the functions and services demanded by human society. It is the human needs for the functions and services provided by product stocks that drive the dynamic process of accumulation and discard of products (Gerst and Graedel 2008; Chen and Graedel 2015) . In-use stocks of products, especially from per-capita or per-household perspective, can serve as measurements of living standard in a city (Chen and Graedel 2015) .
In-use stocks of materials, which can be turned into new resources after discarding, are also regarded as "mines of the future" (Jacobs 1969) . Estimating in-use stocks is important for forecasting the potential of material recycling (Pauliuk, Wang, and Müller 2012) . Steel, as a paramount construction material, is the most widely used metal. In 2015, China used 45% of the world total steel (World Steel Association 2015). Since steel smelting and rolling is energy-intensive, which contributes 9% of global energy-and processrelated carbon emissions (Allwood, Cullen, and Milford 2010) , it is necessary to recycle and reuse steel scrap to substantially reduce the carbon footprint of steel industry. Quantifying in-use steel stocks in society is informative for estimating scraps supply.
Urbanization, leading to population migration, land expansion, and ultimately increasing service demands of humans, plays a major role in contemporary evolution in urban ecology by accelerating material accumulation (Pickett et al. 2016) . As a component of socio-economic system, in-use stocks not only influence people's life style (e.g. more automobiles and home appliances in the modern society), but also affects people's well-being. Hence, the amount of in-use stocks can be used as an indicator to measure physical service and wealth accumulation . In addition, we argue that in-use stocks, which have heterogeneous spatial distribution and are influenced by the distribution of population, land use, and economic activities, can serve as an indicator for the level of urbanization.
On the basis of pioneer works in the 1930s (Bain 1932) , there is growing interest in the quantification of in-use steel stocks. We investigated studies on in-use steel stocks in the last decade with respect to their product categories, methods, temporal, and spatial boundaries (Table A1 ). Compared with the most existing studies which were conducted at the country level (e.g. Daigo et al. 2007; Daigo and Matsuno 2009; Han and Xiang 2013; Liang et al. 2014) or global level (e.g. Hatayama, Daigo, and Matsuno 2010; Müller et al. 2013; Pauliuk, Wang, and Müller 2013) by using top-down method, few studies evaluated in-use steel stocks at city level based on bottom-up method (Drakonakis et al. 2007; Eckelman, Rauch, and Gordon 2007; Huang, Han, and Chen 2017) . Although remote sensing (RS) and geographical information system (GIS) approaches are introduced in in-use stocks estimation with the spatial analysis techniques being widely used (Zhu and Xu 2016; Tanikawa et al. 2015) , the stocks estimations with RS/ GIS (e.g. night-time light images used by global or national scale stocks estimation (Liang et al. 2014 (Liang et al. , 2016 ) cannot get the precise locations within a city because of low resolution. Exploring the temporal and spatial maps of in-use stocks within a city is significant and necessary because it could provide specific guidance for resource planners regarding the recycling potential for material recovery.
To complement the knowledge of city-scaled stocks, we conduct a case study for the city of Xiamen to: 1) investigate the historical evolution of in-use stocks of steel-containing products; 2) estimate in-use steel stocks contained in these products; 3) identify the relationships between the in-use steel stocks and several socioeconomic factors; 4) explore the spatial distribution pattern of in-use steel stocks in Xiamen; and 5) investigate how the urbanization process in Xiamen has driven and relied on the growth of in-use products and steel stocks.
Materials and methods

Case study area
Xiamen, also named Amoy in English, is located on the southeastern coast of mainland China and has been famous as one of the most livable cities in the country ( Figure 1 ). With 1700 km 2 land area in 2016 (XCSB 2017), the city comprises an urban nucleus (Xiamen Island which is divided into two districts, Siming and Huli) and four surrounding districts including Jimei, Haicang, Tongan, and Xiangan. Being one of China's five pioneer Special Economic Zones open to the western world in early 1980s, Xiamen has experienced rapid urbanization over the past three decades (from 1980 to 2015) , with the population increased from 0.9 to 2.1 million (household registered population), per-capita GDP grew from 300 to 90,400 RMB and built-up land expanded from 26 to 335 km 2 ( Figure A1 ), which is very typical among all Chinese cities.
Methods
Data collection for in-use products stocks A list of steel-containing products is identified and then classified into five end-use sectors: (i) buildings; (ii) infrastructure; (iii) transportation equipment; (iv) machinery; and (v) domestic appliances. A total of 55 steel-containing products quantified by absolute, percapita or per-household are listed in Table A2 .
Buildings
Buildings are divided into two categories: residential and non-residential buildings. For residential buildings, percapita floor area of rural-and urban-residential building area reported by official statistics are analyzed separately. As steel is predominantly used in load-bearing structural frames, three typical types are further identified in rural-residential buildings: reinforced concrete, brick-wood, and other structures (There are no records for the different structural buildings in urban). Since floor area of non-residential buildings is not reported, we use the method recommended by Zhang et al. (2014) that assumes a direct proportional relationship between residential and non-residential building area. 
Infrastructure
Five important categories of steel-containing infrastructures are taken into account: highways, urban roads, pipelines, tunnels, and street lamps. Highways are further disaggregated into expressways, first-class highways, second-class highways, and highway bridges. Pipelines are further disaggregated into water supply pipelines, gas supply pipelines, and sewerage pipelines. The function units of these infrastructures are reported and measured in length.
Transportation equipment
Two categories of transportation equipment are included: motor vehicles and vessels. Motor vehicles are divided into five classes, including passenger cars, trucks, trailers, motorcycles, and others. Passenger cars are further divided into four types based on their length: micro (< 3.5 m), small (3.5-7 m), medium (7-10 m), and large (> 10 m). Trucks are further divided into four types based on their weight: micro (< 1.8 t), light (1.8-6 t), medium (6-14 t), and heavy (> 14 t). Amounts of transportation equipment are counted and per-capita ownerships of various transportation equipment are analyzed since 1980.
Machinery
Agricultural machinery and industrial machinery are distinguished. The amounts for five types of agricultural machinery, including large and medium tractors, small tractors, drainage and irrigation machinery, harvesters, and transport power machinery, are reported and analyzed. Since it is difficult to identify all machineries used in various industries, we estimate the amounts of industrial machinery by using the method recommended by Zhang et al. (2014) , which assumes that there is a direct proportional relationship between power consumption and the amount of industrial machines.
Domestic appliances
We count 12 types of urban-household appliances (i.e., refrigerators, washers, air conditioners, water heaters, smoke absorbers, microwave ovens, TV sets, computers, bicycles, sewing machines, and fans) and 10 types of rural-household appliances (i.e., refrigerators, washers, air conditioners, water heaters, smoke absorbers, TV sets, computers, bicycles, sewing machines, and fans). The ownership of domestic appliances and durable goods per-household (PHH) since 1980 are collected and analyzed.
Estimation of in-use steel stocks
Two statistical methods, including top-down and bottom-up, are generally used to estimate the in-use stocks. The top-down method, which sums the balance between the amount of products entering and leaving use, is usually conducted on national or global scale. The bottom-up method starts with an inventory of the different product categories, which are identified to match as closely as possible the actual situation, is adopted in this study to estimate in-use steel stocks (S) according to Eq.1.
where N i t ð Þ is total number of product i in active use at time t (counted by 2.2.1) and m i ðtÞ is the steel content per unit of product i.
Exploring the correlation between in-use steel stocks and socioeconomic indicators
To investigate the factors affecting the inter-annual change of in-use steel stocks, we first analyze the coefficients between steel stocks and three selected socio-economic variablespopulation density (PD), per-capita gross domestic product (PGDP), and urban built-up area (UBUA).
Simple linear regression between per-capita in-use steel stocks (S p ) and individual socio-economic variables (D i ) (D i ¼ PD; PGNP; orUBUA) from 1980 to 2015 is first conducted.
where a 0 and b are intercept and coefficient. Statistically significant differences are set as p < 0.1 unless otherwise stated. The coefficient of determination (R 2 ) is calculated to determine which socioeconomic factor explained most of the variation of per-capita in-use steel stocks. Secondly, multiple regressions including all these three variables from 1980 to 2015 are further conducted:
where a is intercept and b 1 , b 2 , and b 3 are coefficients. Using this time-series linear regression, a pixel-level map of socio-economic factors are used to downscale a gridded map of in-use steel stocks (Liang et al. 2014; Meng, Han, and Huang 2017) . Furthermore, we use the equation recommended by Meng, Han, and Huang (2017) to correct the pixel-level estimation, so as to ensure the sum of the gridded in-use stocks equals the estimated total amount of in-use stocks in the entire city:
where S 0 pix is the modeled pixel-level stocks after correction;Ŝ p is the sum of pixel-level estimated stocks (Ŝ pix ) within city boundary. All statistical analyses involved in this paper are conducted using Matlab 2013a.
Data
Statistical data
Data of steel-containing products (Table A2 ) existing in Xiamen are extracted from Xiamen Statistical Bureau statistic yearbooks (XSB 1981 (XSB -2016 ) and other published reports or papers. Steel contents are estimated based on various sources and assumptions, such as relevant references (e.g., Wang, Müller, and Hashimoto 2015) , expert opinions. Details about the steel content of different products can be found in the Table A2 .
PD, PGDP, and UBUA in Xiamen during 1980-2015 are reported by Xiamen Statistic Bureau (XSB 1981 (XSB -2016 . Data of registered population, rather than resident population, are used here, which are consistent to the scope of statistics in official reports.
Spatial data
The approach for mapping in-use steel stocks relies on the linear regression between in-use steel stocks and PD, PGDP and UBUA, and data for the city-scale socio-economic factors include: 1) 30-m GlobeLand30 product (GlobeLand30 2000, 2010); 2) 1-km GDP product provided by the Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences (RESDC) (Xu 2017) ; and, 3) 100-m population product provided by Gaughan et al. (2016) . The GDP and GlobeLand30 products are spatially interpolated (Inverse Distance Weighted method) to 100-m resolution by using a software package ArcGIS12.0.
Results
In-use product stocks
The historical evolution of in-use stocks of steelcontaining products in absolute, per-capita, and PHH values show different features (increasing/decreasing rate). Our results show that all products increase in the early period after the products are introduced into the market, and follow different growth patterns thereafter. Overall, in-use stocks of about 51% of the products (e.g. urban residential buildings, highways, and pipelines) are still increasing now, and the other 49% of the products have either disappeared, decreased, or saturated at the present time. For example, urban and rural PHH stocks of sewing machines have disappeared in 1990s ( Figure 2(k, l) ). Stocks of agriculture machinery increase after 1980 and then decrease sharply after 2005 (Figure 2(i) ). Most urban PHH domestic appliances stocks show trends of saturation (Figure 2(l) ). The saturation levels of refrigerators, washers, water heaters, smoke absorbers, and microwave ovens are all around 1-unit PHH, and the saturation levels of TV sets and air conditioners are 1.5 and 2.5, respectively. Different from the pattern of urban-household durables, the rural-household durables have not shown saturation yet and are continuing to increase (Figure 2(k) ).
The results also indicate that there is a lag between the diffusion of rural and urban domestic appliances. For instance, an evident distinction can be seen in the introduction of refrigerators and washers into the market. These two products appeared in urban area in the 1980s, and appeared in rural area around 1990s, about 10 years behind. This discrepancy is caused by differences in lifestyles and living standards between urban and rural households.
Substitution among products providing similar services or functions is found. For example, it is obvious that reinforced-concrete structural frame containing more steels have substituted for brick-wood structural frame with less steel contents. From 1994 to 2015, the share of reinforced-concrete structural buildings in rural area increase from 40 to 86%. The percentage of brick-wood and others structural frame buildings fell to 14% in 2015, compared to 60% in 1994 (Figure 2(b) ).
In-use steel stocks
The total amount of in-use steel stocks increases significantly from 0.5 ± 0.2 × 10 6 t (0.5 ± 0.2 t/cap) to 10 ± 3 × 10 6 t (4.9 ± 1.4 t/cap) over the past 35 years, with an average annual growth of around 0.5 × 10 6 t (0.1 t/cap) (Figure 3 ). In-use steel stocks in buildings increase from 0.4 ± 0.2 × 10 6 t (0.4 ± 0.2 t/cap) to 7.0 ± 2.3 × 10 6 t (3.3 ± 1.1 t/ cap) during 1980-2015. Steel stocks in buildings, infrastructure, and transportation equipment all show rising trends, and the average growth rate of transportation equipment is the largest among the three sectors (increased by 36% per year). In-use steel stocks in machinery and domestic appliances, different from the other three sectors, decrease in recent years. The growth rate of in-use steel stocks, for all end-use sectors, was relatively small in early stages of industrialization and became larger after 1995. More details of per-capita in-use steel stocks are presented in Table A3 .
Buildings are the largest reservoirs of steel stocks during the past 35 years (with an average share of 74%), although their share decreased from 89% in 1980 to 68% in 2015 ( Figure 4 ). Steels used in transportation equipment exceed those in infrastructure as the second largest contributor in the 2000s (with an average share of 12%). Domestic appliances and machinery are the least two steel holders, together accounting for less than 10% of the total steel stocks.
Relationship between in-use stocks and socio-economic variables
We analyze the correlations between per capita in-use steel stocks (S p ) with three socio-economic variables and the results show that PD (R 2 = 0.98, p < 0.001), PGDP (R 2 = 0.94, p< 0.001), and UBUA (R 2 = 0.92, p < 0.001) are all well correlated with S p (Figure 5) . A multiple linear regression model is then set up between S p and the three socio-economic variables. The regression model has high goodness-of-fit with R 2 of 0.99 (p < 0.001), and the values of parameters are presented in Table 1 .
The spatial distributions of in-use steel stocks within Xiamen in 2000 and 2010 with 100-m resolution are generated by using the gridded socio-economic variables and the estimated multiple linear equation. It shows that in-use steel stocks are very unevenly distributed across the city ( Figure 6 ). Urban nucleus has obviously high density of in-use steel stocks compared to rural areas. The spatial density of steel stocks in districts with higher population density, including Siming and Huli, is about five orders of magnitude higher than that in other districts. Along with urban expansion, the accumulation of steel stocks tends to spread to much wider regions in Haicang, Jimei, Tong'an, and Xiang'an, where the population density is comparatively low.
Discussion
Historical evolution of in-use product stocks
This study, to our own knowledge, first probes the dynamics of in-use product and steel stocks at city scale. The 55 steel-containing products demonstrate various historical evolution patterns in the past 35 years. Four patterns, including increase, decrease, saturation, and fluctuation, were revealed by Chen and Graedel (2015) for 91 different products in the United States. Similar patterns are identified in our study. For example, 28 products follow continuous increasing trends at the present time ( Figure 2) . The amount of transportation equipment, especially the passenger cars, have increased rapidly since the late 2000s, and the number of small type passenger cars even increases by 38 times over the studied period. This increasing pattern indicates that along with economic growth the demand for relevant services provided by these products stocks also increases continuously. With the increases in population and household numbers, the increasing pattern will possibly continue in the next 5-10 years. Different from most products, some products demonstrate a decreasing or disappearing trend during the past two decades. This kind of pattern indicates that the products providing services or functions that are no longer popular in modern society (e.g., brick-wood and reinforced-concrete frame buildings, bicycles, and sewing machines) are replaced by new products providing similar services or functions (e.g. fans are replaced by air conditioners). The agricultural machinery also displays decreasing trend in recent decade. The reason for this phenomenon can be explained by the sharp decrease of the agriculture share in GDP due to economic structural changes.
In contrast to the patterns observed by Chen and Graedel (2015) , we find very few products (only refrigerators, washers, and TV sets in urban-household durables) that have saturated in Xiamen, while the ownerships of more than 50% products have saturated in the United States. Moreover, the fluctuation pattern, which was experienced by very few products in the United States (Chen and Graedel 2015) , is not observed in our study. The reason for this phenomenon is that China is undergoing rapid urbanization and industrialization, and most products are in the process of continuous growth. In the field of technology analysis, the product stocks in China have already passed the childhood (or introduction) phase and is undergoing the adolescence (or growth) phase. The historical evolution patterns of products illustrate that stocks in society are becoming richer with rapid industrialization and urbanization (Figure 2) . The variety and quantity of products mark the progress of technology and the improvement of people's well-being. As one of China's five pioneer Special Economic Zones open to the western world in early 1980s, Xiamen's product stocks development epitomizes the great progress made in reform and opening up policy of China. The decreasing and disappearing patterns of products are inevitable in the economic development.
This bottom-up research accounts for a wide spectrum of steel-containing products within a city, however, data limitation prevents our study from including all steel-containing products (comparing with 250 products (Wang, Müller, and Hashimoto 2015) or 91 products (Chen and Graedel 2015) on national scale). Some missing ones, including rails, water ports, power transmission pylons, installations and fittings embodied in buildings, make a truly comprehensive study impossible. Therefore, further study is needed to improve the datasets of steel-containing products on the city scale.
Historical evolution of in-use steel stocks
Urbanization and industrialization in the developing countries have boosted steel stocks during recent decades. Although several studies have attempted to quantify in-use steel stocks on the national or global scale, city-scaled studies are limited. This study account steel stocks on a city level with an unprecedented level of resolution can complement the previous studies based upon other methods and offer important insights into resource management. Specifically, the steel stocks of 4.9 t/cap in 2015 estimated in Xiamen is higher than the average level of 2.4 t/ cap in China (Wang, Müller, and Hashimoto 2015) , but lower than the 9.2 t/cap in New Haven (Drakonakis et al. 2007 ). An increasing pattern of per-capita in-use steel stocks, especially in the past two decades, is found by our study (Figure 3) . The temporal patterns of in-use steel stocks are also investigated by previous studies. For example, Müller et al. (2006 Müller et al. ( , 2011 hypothesized that the per-capita steel stocks might follow S-shaped curves that saturate at a peak after the economy became highly industrialized. Pauliuk, Wang, and Müller (2013) reckoned the historical evolution of in-use steel stocks for about 200 countries over the world and confirmed that the in-use steel stocks in industrialized countries reach saturation in the range of 11-16 t/cap. According to the saturation evidence from industrialized countries, further increasing demand for steel stocks is foreseeable in the near future in Xiamen, especially for those end-use sectors with a large proportion of steel stocks (Figure 4) . Different from the speed of stock growth observed by previous studies, the in-use steel stocks in Xiamen show a faster increasing tendency (increased by 10 times in 35 years). By comparison, it takes about 60 years for France and 20 years for Japan to increase the steel stocks from 2 to 7 t/cap (Müller, Wang, and Duval 2011) . The discrepancy is due to the fact that developing countries tend to build up their steel stocks faster than industrialized countries, because the developing countries can benefit from the major inventions and innovations in steel-containing products and structures made earlier by developed countries (e.g., automobiles and construction technologies). This country specific growth speed follows the same rule with urbanization rate. Urbanization in developing countries has proceeded faster than that in developed countries. For example, it takes 60 years for the United States to raise its urbanization rate from 20 to 50%. In contrast, it takes only 30 years for China and 25 years for Japan to catch up with the same urbanization rate (United Nations, Department of Economic and Social Affairs, 2015) .
The observed stock patterns indicate that the increasing tendency turns to be sharp after 1995 when the inuse steel stocks reached 2 t/cap (Figure 3 ). Our results confirm the threshold pointed out by Müller, Wang, and Duval (2011) , which concluded that the peak in growth speed and steel demand was reached only after a level of about 2 t/cap had been passed. This kind of progress might be explained by the fact that an initial capital stocks of steel intensive products and infrastructure need to be established prior to peak growth.
Similar with previous studies, the spatial density of stocks in regions with high population density is higher than that in other districts (Zhang et al. 2014) . The key regions of steel scrap recycling are determined by the results of the spatial distribution of steel stocks. Districts with high density of in-use steel stocks, including Siming and Huli, should be the focus of recycling in the near future. More steel stocks will be accumulated in outskirts of Xiamen. Furthermore, understanding the distribution patterns of stocks helps to establish different recycling systems in different districts, such as designing different recycling strategy for urban and rural areas.
Overall, there are three stages in the whole increasing trend of in-use steel stocks ( Figure 5 ). In specific, Xiamen had been set up as one of the nation-level Special Economic Zones after China's economic reform and opening-up in 1978. Economy of Xiamen started to rise in the first stage during 1980-1990. Then, the acceleration of economy growth after the 1990s posed a great demand on infrastructure development. In the second stage from 1990 to 2000, with the per-capita GDP increased by 331%, lots of favorable policies were implemented to attract labors and financial capitals to accelerate the economic development and more investment was laid on infrastructures (including the bridges and urban roads). After 2000, the economy and population growth due to migration from rural area to Xiamen city kept accelerating, which lead to more demands for housing and infrastructure (e.g. buildings and urban roads). As a result, the population turned to be the most important factor simulating the sharp increase of in-use steel stocks. Further, previous studies also found that there is a positive relationship between stocks and both population and GDP (Rauch 2009; Zhang et al. 2014; Huang, Han, and Chen 2017) . We can argue that during the acceleration of urbanization, in-use steel stocks, which have significant linear correlations with PD, PGDP, and UBUA ( Figure 5) , can serve as a supplementary indicator for urbanization.
Conclusions
In this study, a bottom-up accounting of in-use products and steel stocks in Xiamen is carried out. We group the steel-containing products into five end-use sectors including buildings, infrastructure, transportation equipment, machinery and domestic appliances. The results show that 51% of the steel-containing products demonstrate continuously increasing pattern in recent years. On a per capita basis of in-use steel stocks, the 4.9 t/cap in Xiamen is significantly higher than the average level of China. Spatially, Siming and Huli are the high-density steel stocks area, while more steels have been accumulated outside the island of Xiamen during 2000-2010. By analyzing the relationship between socio-economic variables and in-use steel stocks, we find that the inuse steel stocks are highly correlated to the population density growth, per-capita GDP increase, and urban built-up area expansion. We thus argue that in-use steel stocks may serve as a supplementary indicator for measuring the level of urbanization, provided that this linear relationship can be observed for other cities. The results could improve our understanding of China's urbanization from the perspective of in-use stocks and can be used to model future scenarios of steel demand and urban mining potential.
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